The self-assembling tendency and protein complexation capability of dyes related to Congo red and also some dyes of different structure were compared to explain the mechanism of Congo red binding and the reason for its specific affinity for b-structure. Complexation with proteins was measured directly and expressed as the number of dye molecules bound to heat-aggregated IgG and to two light chains with different structural stability. Binding of dyes to rabbit antibodies was measured indirectly as the enhancement effect of the dye on immune complex formation. Self-assembling was tested using dynamic light scattering to measure the size of the supramolecular assemblies. In general the results show that the supramolecular form of a dye is the main factor determining its complexation capability. Dyes that in their compact supramolecular organization are ribbon-shaped may adhere to polypeptides of b-conformation due to the architectural compatibility in this unique structural form. The optimal fit in complexation seems to depend on two contradictory factors involving, on the one hand, the compactness of the non-covalently stabilized supramolecular ligand, and the dynamic character producing its plasticity on the other. As a result, the highest protein binding capability is shown by dyes with a moderate self-assembling tendency, while those arranging into either very rigid or very unstable supramolecular entities are less able to bind. 
The dye Congo red, which for years was regarded as an amyloid-specific stain, recently was found to form complexes with some other proteins (Rybarska et al.,1988; Piekarska et al., 1996; Roterman et al., 1998; Zemanek et al., 2002) . Global or local structural instability seems to characterize all the proteins that bind the dye (Wetzel, 1997; Wall et al., 1999; Raffen et al., 1999; Ramirez-Alvarado et al., 2000; Kim et al., 2000; Randolph et al., 2002) . Another common feature correlated with dye binding is accessibility of b-conformation polypeptide chain backbones (Glenner et al., 1972; 1974; Serpel et al., 1997; Sunde & Blake, 1998; Kallberg et al., 2001) . Many approaches have been employed to identify the mechanism of complexation and the structure of the protein sites responsible for specific dye attachment (Westermark et al., 1999; Demaimay et al., 1998; Li et al., 1999; Gazit, 2002) . Surprisingly, many dyes not necessarily similar to Congo red appear to bind to amyloid proteins (Klunk et al., 1994; Pollack et al., 1995; Caughey et al., 1998; Carter & Chou 1998; Howlett et al., 1999a; 1999b; Priola et al., 1999; Kuner et al., 2000; Reixach et al., 2000; Rudyk et al., 2000; Awan et al., 2001; Lin et al., 2001) , and many quite different proteins may form amyloid deposits that create binding sites specific for Congo red (Sipe, 1992; Sunde & Blacke, 1997; Chiti et al., 1999; Lansbury, 1999; Janek et al., 1999; Rostagno et al., 1999; West et al., 1999; Sinha et al., 2001) . This suggests that the standard enzyme-substrate model of ligand complexation to a specific binding site may not apply in this case. We put forward an alternative proposal to explain these discrepancies, arguing that Congo red binds to proteins not as a single molecule but as a ligand represented by a group of self-assembled dye molecules Skowronek et al., 1998; Piekarska et al., 1999; Roterman et al., 2001) . The polyaromatic ring character of these dyes, correlated with the elongated shape, planarity and significant hydrophobicity of the molecules, favors self-assembling by face-to-face ring stacking (Wasilewskaya et al., 1989; Attwood et al., 1990; Skowronek et al., 2000; Piekarska et al., 2001) . This results in the creation of unique ribbon-like micellar species capable of interacting with a protein -not by entering its natural binding site but by adhesion to the backbone of b-conformation polypeptide chains, due to the structural similarity of the interacting elements Piekarska et al., 1999; Roterman et al., 2001) . The large interaction surface of the ribbon-shaped dye micelle, its plasticity, and in particular the exposure of the hydrophobic portions of the dye molecules to solventwhich in micellar organizations is exceptional -favor adhesion to periodic polymers including polypeptide chains, and thus the formation of highly stable complexes. In such a complexation mechanism several assembled dye molecules interact with the protein as a single ligand Piekarska et al., 1999; Roterman et al., 2001) . The model only works if the dye-dye interaction is strong enough to make the assembly compact and if this large supramolecular ligand can penetrate the b-pleated sheet easily. Protein instability seems necessary for the penetration to occur. However, antibodies and serpins may bind the dye when altered upon complexation with their natural ligands (Piekarska et al., 1994; Rybarska et al., 1995) .
The diversity of the supramolecular forms of dyes results from differences in the structures of the monomers, and consequently different arrangements of their self-assembled molecules, making their protein complexation capability vary. This work compares the structures, self-assembling and protein binding activity of many dyes related and not related to Congo red, to verify the hypothesis that their binding specificity derives from their supramolecular character. We measured the protein-binding capability of the dyes using unstable proteins of immunoglob-ulin origin often found as sources of amyloid deposits and hence expected to represent complexation characteristics similar to that of amyloid.
MATERIALS AND METHODS
Dyes. Some dyes of the Congo red family [2,7-bis(1-amino-4-sulfonaphthyl-2-azo)fluorene, 1,4-bis(1-amino-4-sulfonaphthyl-2-azo)phenylene, 1-amino-2-[4¢-(4-acetylamino-biphenyl)azo]naphthalene-4-sulfonic acid, 1-amino-2-phenylazo-naphthalene-4-sulfonic acid] were synthesized, according to described methods (Neri, 1929; Rollet & Bacher, 1940; Novelli & Ruiz, 1928; Stopa et al., 1998) . The dyes: 2-formylamino-4,4¢-bis(1-amino-4-sulfonaphthyl-2-azo)biphenyl, 2-acetylamino-4,4¢-bis(1-amino-4-sulfonaphthyl-2-azo)biphenyl and 2-benzoylamino-4,4¢-bis(1-amino-4-sulfonaphthyl-2-azo)biphenyl were synthesized from 2-amino-4,4¢-dinitrobiphenyl (Zhen et al., 1999 ). Suitable acid chlorides were then added to make the final products. Chrysamine G and 4,4¢-bis(1-amino-5-sulfonaphthyl-2-azo)biphenyl were synthesized by diazotization of benzidine and coupling with salicylic acid and 1-amino-naphthalene-5-sulfonic acid, respectively. Other dyes were purchased from Sigma-Aldrich. Dye purity. Quantitative evaluation of self-assembling dyes poses particular difficulties (Lyon, 2002) . Readily self-assembling dyes may incorporate derivatives produced during synthesis, very difficult to remove because of their structural similarity to the main fraction. In addition, these dyes are basically unattainable in crystal forms; they are often associated with impurities, moreover, self-assembling usually produces some heterogeneity. We did preliminary testing of the protein-binding properties of the dyes. Dyes that showed very low protein-binding capability and migrated (in thin-layer silica gel chromatography) as a single band or were associated with small amounts of color impurities were used directly without further purification. In these cases the absorption coefficients were calculated from weights, taking into account the producer's declaration on dye purity. Dyes with significant impurity content were purified for analysis by chromatography using preparative thin-layer silica gel plates (Merck silica gel 60). Dyes of higher reactivity, mostly of the Congo red and Evans blue families were purified by preparative thin-layer chromatography if necessary. The absorption coefficients used for Evans blue, Trypan blue and Chicago Sky blue 6B were taken from the producer's website (Sigma) and independently verified experimentally. The absorption coefficients of the Congo red family (all dyes containing naphthionic acid) were established based on the fluorescence of naphthionic acid derivatives (1,2-diamino-naphthalene-4-sulfonic acid) released from the dye by reduction of its azo bonds with sodium dithionite. The corresponding Congo red fluorescent derivatives were used to standardize the method. Dye structure. Formulas of the dyes were drawn using the ISIS Draw 2.4 program. Three-dimensional forms of dye structure were obtained using HyperChem ver. 5 with the energy optimization procedures available in this program.
Evaluation of self-assembling by measurement of the hydrodynamic radius. The hydrodynamic radii (R) of dye supramolecular assemblies were measured using Dynamic Light Scattering (DLS) with a DynaPro MS 800 instrument (Protein Solutions Inc., U.S.A.). Measurements were performed at 25°C in 0.06 M barbitate buffer, pH 8.6, 0.1 M NaCl, at 2 mM dye concentration. When the presence of polymeric impurities was suspected, R was also measured at 60°C to identify the non-covalently stabilized dye species by the significant alteration of their size (R).
Prior to measurements the dye solutions were heated in a boiling bath and then slowly cooled to room temperature. Each dye mea-surement was repeated several times and the mean values were calculated. The main component appearing in DLS analysis was considered to represent the micellar species typical for the given dye.
Proteins. Immunoglobulin G was purchased from Sandoz Pharma Ltd. (Switzerland). Immunoglobulin light chain dimers L An and L Kok were isolated from the urine of patients with multiple myeloma as described earlier (Piekarska et al., 1996) .
Dye-protein complexation The protein complexation capability of a dye was evaluated by measuring the number of dye molecules bound to a protein molecule. Dye and protein solutions were mixed in a ratio of 0.6 mmol dye per 1 mg protein (in 0.06 M barbitate buffer, pH 8.6, 0.1 M NaCl). A large dye excess was used for complexation to minimize the effect of possible impurities. Samples were incubated for 20 min at 20°C for L Kok , at 45°C for L An and 63°C for IgG. After incubation the dye-protein complexes were separated from the dye excess by gel filtration on Biogel P6 (Biorad) columns (4.5´0.5 cm) in the same buffer. The dye/protein ratio in the eluates was calculated based on the known amount of protein applied to the column and on spectral measurement of the dye concentration.
Differences in the adsorption of the dyes to the Biogel influenced the results and necessitated correction. Biogel filtration removes the dye excess and some of the weakly bound supramolecular dye attached to the protein but not anchored deeply. The specific adsorption of the dyes (assessed in an independent experiment) was equalized to minimize the artifact in comparing the dye/protein binding: the number of dye molecules bound was corrected to the deviation of its specific adsorption from the mean adsorption calculated for all studied dyes. This was done using the specific coefficient of adsorption to Biogel estimated for each individual dye. In consequence, the number of dye molecules added for correction of the experimentally determined value was found by multiplying the number of dye molecules bound to protein by the coefficient, calculated as the ratio of deviation of adsorption of a given dye to Biogel from the mean value (mean specific adsorption of all studied dyes) to the mean adsorption value.
Agglutination enhancement. The increased stability of the immune complex caused by the dye increases the antibody dilution at which red cells (SRBC, sheep red blood cells) still agglutinate with IgG anti-SRBC. The effect of the dyes on agglutination was studied at increasing dye concentrations. Enhancement is measured as the maximum dilution of antibodies at which agglutination is observed in the presence of a given dye, at the dye concentration at which the plateau of enhancement is reached . The effect observed in the presence of Congo red was used as an internal reference for all other dyes.
RESULTS
The yield of protein-dye complexation was compared in four dye-binding proteins of different packing stability and hence different accessibility for dyes. All were of immunoglobulin origin, having similar folds with b-conformation predominant.
Heat-aggregated human IgG was used as the model protein form with the most unstable structure and the lowest structural specificity requirement for the ligand. Two human immunoglobulin L chains l (Kok and An) obtained from the urine of myeloma patients represented protein molecules having stability lower than that of a well-packed protein but higher than its molten globule version. The first (L chain Kok) was an amyloidogenic protein binding Congo red at room temperature but still unable to bind ANS (1-anilino-8-naphtalenesulfonate) -in contrast to heat-aggregated IgG (Piekarska et al., 1996) . The second one (L chain An) was non-amyloidogenic l chain able to bind Congo red upon moderate heating to 40-45°C . The binding capability of these three proteins was evaluated directly by measuring the amount of dye attached. The number of dye molecules bound to a protein was measured after the complexes were separated by filtration on a Biogel P6 column or by agarose gel electrophoresis, in the same conditions for all studied dyes. The fourth protein system used was represented by rabbit antibodies specific to sheep red cells. In this case, dye binding was measured indirectly by the enhancement of agglutination in the SRBC-antiSRBC system, caused by ligation of the dye to the antibodies interacting with the antigen (Rybarska et al., 1991; Stopa et al., 1998) .
Congo red and some related dyes have been found to strengthen immune complexes through the involvement of low-affinity antibodies that become transiently susceptible to dye complexation during their brief contact with the antigen (Rybarska et al., 1991) . At increasing dye concentrations the enhancement effect increases until it reaches a plateau indicating that the dye cannot further engage the weak antibodies to the immune complex. Thus, the enhancement is measured as the maximum possible dilution of anti-SRBC antibodies at which agglutination occurs. This value, labeled D in this work, differs for different dyes. We assumed that in the case of ribbon-or rod-like micellar products of self-association the self-assembling tendency of the dyes may be expressed by the diffusion coefficient or by the size of the supramolecular species. The measurement used dynamic light scattering to determine the hydrodynamic radius of the micellar species, called R here. Some of the dyes selected for this study were basically related to the molecular architecture of Congo red. They were represented by elongated, symmetric polyaromatic ring molecules of planar structure, with a hydrophobic central fragment and charged ends.
Each dye differed from Congo red in its charge distribution, steric effects, planarity and/or symmetry. We used some dyes unlike Congo red in molecular structure to verify the hypothesis of supramolecular dye ligand interaction with protein. The dyes with similar structural features are presented in groups to highlight the effects of structural differences (Figs. 1 a-i) . The adjoined comments direct attention to the dyes' particular structural features and properties that may affect their self-assembling and/or complexation capability.
The results are summarized in plots of binding properties versus R (Figs. 2, 3 ). They show that supramolecular organization seems necessary for protein binding and that the optimum R value is in the range of 1.3-2.2 nm. Protein complexation of dyes that show a very high self-assembling tendency is not favored. However, deviations from predicted behavior may be expected if the size of the monomers is larger than the size of dyes of the Congo red family and/or if the dye creates a different micellar organization, thus affecting the reading of R, as is likely in the case of thioflavin S. Also, dyes not assembled or poorly assembled fail to form complexes with the proteins used. The spectrum of protein-binding activity versus self-assembling tendency differs, however, when complexation to proteins and enhancement of agglutination are compared (Fig. 2) . More flexible supramolecular dye ligands seem preferable for the enhancement of agglutination. This explains why fluorene analog of Congo red (dye No. 3), which shows the highest protein complexation activity in respect to L chains and heat-aggregated IgG amongst the studied dyes, loses in the agglutination enhancement test to Congo red and Evans blue, dyes of higher plasticity which offer rapid fitting to the sites of their binding in the protein.
Binding or non-binding of a dye was independently verified by analyzing migration of the protein-dye complex in agarose electrophoresis (Fig. 4) . The number of dye mole- cules bound to protein observed in this testing system is basically higher than in the chromatographic technique because the bed absorbs only weakly (not shown). Reading precision is poor in this test, and it is difficult to use for quantitative analysis, but the method was performed to support the observations of the dye-binding capability revealed by the gel filtration tests.
DISCUSSION
The evidence supplied by our studies supports the hypothesis of Congo red's specific binding capability arising from the particular supramolecular form of this dye Piekarska et al., 1999; Roterman et al., 2001 . It explains the binding specificity by the adhesion of ribbon-like supramolecular dye species to b-conformation polypeptides. Two somewhat contradictory factors seem to determine the particular dye binding mechanism that finally ensures the best possible fit and adhesion of the supramolecular dye ligands within the protein: (1) the strength of Vol. 50 Binding of amyloid-specific dye reagents 1221 Figure 1 (a-i) . Relation of molecular architecture to self-assembling and protein-complexation capability in groups of dyes.
Symbols used: A, number of dye molecules bound to heat-aggregated IgG (160 kDa); B, number of dye molecules bound to monomer of L chain l Kok (23.5 kDa, 20°C); C, number of dye molecules bound to L chain l An (23.5 kDa, 45°C); D, enhancement of agglutination caused by dyes (SRBC-anti-SRBC system); R, hydrodynamic radius of predominant micellar species (nm). R, hydrodynamic radius of the main supramolecular form. Numbers at the top of each graph correspond to dye numbers in Fig. 1 . Panels A, B and C, the number of dye molecules bound to each protein after gel filtration was recalculated for 100 kDa. Panel D, the enhancement effect of dyes on immune complex stability, evaluated in SRBC-antiSRBC system. self-association increasing the stability of the dye assemblies, sufficient to make them interact with polypeptides as compact ligands; and (2) their plasticity, which arises from the dynamic micellar form of the dye and facilitates optimal fitting within the complex. The movements of individual dye molecules allowed in the supramolecular ligand, which are necessary for micellar plasticity, involve rotations around the long axis of the ribbon-like micelle as well as around the long axis of the particular molecule. The latter consists in rotations around the central bond of a symmetric dye molecule, producing syn and anti conformers (Skowronek et al., 2000) . The compactness of the micellar structures increases with the planarity of the dye molecule, its hydrophobicity, and enlargement of the stacking area. Increasing charge repulsion and/or steric hindrance reduce micellar rigidity, associated in consequence with higher freedom of molecular movements. These contradictory effects determining protein complexation make the binding capability optimal not at a very high but rather at an intermediate level of the dye's self-assembling. The central hydrophobic parts of the dye molecules seem to be preferentially engaged in interaction with the polypeptide backbone (Demaimay et al., 1998) . The role of the charged parts of the molecule, and in particular of the charge distribution, does not seem negligible, however. Only symmetric, rigid, planar, polyaromatic dye molecules with charged groups located at the ends, with the necessary elongated, hydrophobic central fragment (biphenyl), may impose the orientation of stacked molecules that ensures the formation of ribbon-shaped supramolecular structures (Wasilewskaya et al., 1989; Attwood et al., 1990; Piekarska et al., 1999) . Among the many different supramolecular assemblies, ribbon-shaped micellar species seem to expose the hydrophobic surface most efficiently, favoring adhesion. The polypeptide backbone likely represents the corresponding structure for adhesion. Although both adhering elements -the dye and polypeptide -are similar in their chain-like character, fitting optimization seems necessary for complex formation since their chemical nature is significantly different. This takes time, particularly when the interacting structures are rigid. This explains why dyes of high micellar rigidity that complex efficiently when incubated with proteins of un- stable structure appear less suitable for ligation to low-affinity antibodies (largely represented in the polyvalent IgG fraction); those antibodies offer only brief contact with the antigen and consequently brief or too brief protein accessibility to allow for optimization of the dye-protein adhesion structure and complexation (Rybarska et al., 1991; Kaszuba et al., 1993; Stopa et al., 1998) . Although growing evidence links Congo red's specific binding property with its supramolecularity and implicates b-conformation polypeptides as the receptor structure in the protein, other ligation mechanisms may also be engaged in particular situations. Thus, a single Congo red molecule bound to a specific site in the protein was found in pig insulin crystals (Turnell & Finch, 1992) . Other studies have supplied evidence of Congo red-bridging protein molecules . However, the hypothesis that the binding of Congo red-related dyes is associated with their supramolecular character seems to offer a general explanation of their specific affinity to b-structure (Piekarska et al., 1996; Roterman et al., 2001) . Although supramolecularity seems the most essential factor in the binding capability of the group of studied dyes, a direct relation to the R value cannot be expected due to the shapeand charge-derived polymorphism of supramolecular ligands.
While the specific affinity of Congo red to amyloid deposits can be explained by the particular complexation character of the supramolecular form of this dye, there is some discrepancy in respect to thioflavins T and S, which, although differing essentially in structure and properties, are used interchangeably to stain amyloids (Le Vine 1999; Carrotta et al., 2001; Nielsen et al., 2001; Zhuang et al., 2001; Pavlov et al., 2002; Devlin et al., 2002) . The planar, elongated components (Fig. 1 i) of thioflavin S, negatively charged at the ends, may overlap, producing symmetric dimers and then longer micellar structures, finally favoring complexation in the manner of Congo red. This explanation is supported by the observed high R value for this dye. In contrast, the polarity distribution of the thioflavin T molecule seems unsuited to self-assembling although its molecule is planar. Consequently, the yield of its complexation with proteins appeared also low. This seems consistent with the known direct dependence of this dye's fluorescence on growing amyloid fibrils, while it is poor or absent in the presence of individual molecules of amyloidogenic proteins. The standard quenching of fluorescence in solutions probably can be prevented here by immobilizing the dye molecules adsorbed to the highly ordered amyloid protein structure, even if the binding specificity is not necessarily of the Congo red type (Nakashima et al., 1995) .
For optimal adhesion, complexation of supramolecular Congo red-related dye ligands to proteins requires a special ribbon-like organization and an extra adaptation to the protein receptor surface. Although the compact self-assembled form of the dye is required for adhesion to polypeptides, very high rigidity of the supramolecular ligand seems unsuitable, since the increasing micellar rigidity makes the adhering structures more difficult to adjust to each other.
The dyes were synthesized by Dr. Jan Boksa from the Institute of Pharmacology of the Polish Academy of Sciences (Kraków).
